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Hematoporphyrin .derivative and its purified products, dihe- 
matoporphyrinester and ether (D E) are photosensitizing 
agents used mainly for the localization of tumors by iaser- 
induced fluorescence (l-4). Recently, it was shown (S-9) 
!hat hematoporphyrin derivative is accumulated in athero- 
sclerotic plaques in humans and animals. Moreover, the 
photodynamic potential of this agent as a therapeutic ap- 
proach to atherosclerosis IId been demonstrated in the 
rabbit (10) and miniswine (1 I) model. 
The main celMar component of atherosclerotic plaques is 
the smooth muscle cell (12-15). Therefore, by use of cul- 
tured smooth muscle cells, prescreening tests for the evalu- 
ation of the photodynamic potential of DHE seems to be a 
suitable in vitro model. In previous reports (16,171 we have 
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shown that DHE is accumulated in cultured smooth 
cells obtained from human atherosclerotic plaque tissue. 
Moreover, in experiments without photosensitization, 
concentrations tanging from 1 to 20 r&ml selectively de- 
creased the proliferative activity of pilaque smooth muscle 
cells in comparison with that of smooth muscle cells ob- 
tained from nonatherosclerotic arterial1 imedia. The aim of the 
present study was to confirm that ultraviolet irradiation of 
DHE-labeled cell cultures intensifies and accelerates the 
destruction of the vast majority of smooth muscle cells from 
atherosclerotic plaques, whereas smooth muscle cells from 
nonatherosclerotic arterial media are only minimally af- 
fected. 
Cell culture. Pieces of nonatherosclerotic human carotid 
and superficial femoral arteries were obtained during au- 
topsy 12 to I4 h postmortem at the Pathological Institute of 
the University of Tuebingen. As already described (W-20), 
this period after death does not allow the isolation and 
cultivation of endothelial cells because of autolysis, but 
viable smooth muscle cells can still be obtained. Moreover, 
such smooth muscle cells in culture do not differ immuno- 
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logically, morphologically or with regard to growth capacity 
and cell size distribution from smooth muscle cells obtaized 
from vessels removed by surgery. Medial smooth muscle 
cells were isolated by enzymatic digestion with a collage- 
nase/elastase enzyme mixture, as described in detail else- 
where (18,19). Plaque tissue from advanced primary stenos- 
ing lesions of superficial femoral arteries was removed by a 
Simpson atherectomy catheter (21,22) from live patients and 
was enzymatically disaggregated (23-25). Identification and 
cultivation of smooth muscle cells were carried out, as 
described elsewhere (18-20,23-26). To eliminate individual 
cell characteristics, only pooled cells from at least two 
different donors were used for the experiments in the first 
through third passage. All cell culture experiments were 
carried out with permission of the Ethical Committee of the 
University of Tuebingen. 
Labeling with diiematoprphyrin ester and ether (D 
and irradiation of cells. Smooth muscle cells were seeded 
into 12 well plates (Costar 3512; Tecnomara GmbH) at a 
density of 20,000 cells/well (5,000 cells/cm*) and incubated 
for 2 days. For labeling of cells, DHE (Photofrin II; Quadra 
Logic) was added to a final concentration of 1 &ml, and 
smooth muscle cells were incubated for another 24 h. After 
labeling of cells, culture medium was exchanged and cells 
were exposed to ultraviolet irradiation using epifluorescence 
equipment with an HBQ-100/2 mercury lamp (Nikon 
GmbH). The excitation wavelength was 365 nm, and the 
power density at the position of the cells was 6 mW/cm*. In 
difFerent experiments, smooth muscle cells were exposed to 
irradiation for 5 to 200 s (energy density 30 to 1,200 ml/cm*). 
For examination of cell viability after irradiat.ion, medium 
was exchanged and cells were incubated for 24 h at 37°C. 
The number of viable cells was calculated by fluorescein 
diacetatelethidiumbromide staining (25,27). The number of 
viable and still substrate-attached cells was assessed with a 
cell counter (Schaerfe System). All manipulations with 
DHE-labeled cells were performed in darkness or in very 
dim light. Cells that were exposed to irradiation without 
photosensitization by DHE served as corresponding control 
cells in all experiments. 
Tie lapse video mierography. Dihematoporphyrin ester- 
and ether-labeled cultures that had been exposed to ultravi- 
olet irradiation for 60 s were placed onto the sample stage of 
an inverted microscope (Nikon Diaphot TND) equipped 
with an incubator set. Cell reactions were recorded using a 
U-matic time lapse video system (AVT Horn). The time 
lapse factor was X500 in all experiments, 
Staining and examination of cytoskeletat components. 
Smooth muscle cells were seeded at a density of 20,000 
ceWcm* on round glass cover slips (17 mm irr diameter) and 
incubated in 12 well plates for 2 days for complete cell 
attachment and spreading. Thereafter, celts were treated 
with DHE (1 ccglrnl for 24 h) and exposed to ultraviolet 
irradiation (60 s). Four and 8 h after irradiation, cells were 
0 50 loo 150 200 
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Figure 1. Percent of viable smooth muscle cells from atherosclerotic 
and nonatherosclerotic arterial medi after dihe- 
rin ester and ether (DHE) labeling (1 for 24 h at 
37°C) followed by ultraviolet (UV) irradiation. The corresponding 
control values without DHE labeling but after irradiation are indi- 
cated by broken lines. Data represent mean values + SD of at least 
two independent experiments with pooled smooth muscle cells from 
different donors. 
fixed, and cytoskeletal components (microtubules, actin 
filaments [“stress fibers”], vimentin filaments) were stained 
by indirect immunofluorescence microscopy, as previously 
described (28). Stained smooth muscle cells were examined 
with a Nikon Optiphot microscope equipped for epifhrores- 
cence with appropriate filter sets. 
CelI viability after irradiation (Fig. I). Ultraviolet irradi- 
ation of dihematoporphyrin ester and ether (DHE)-unlabeled 
smooth muscle cells (control cells) did not cause a cytotoxic 
effect. In contrast, DHE labeling and irradiation of cells from 
nonatherosclerotic arteries and from atherosclerotic plaques 
caused an acute cytotoxic effect. The number of viable and 
still adherent cells was reduced in a dose-dependent manner 
with increasing time of irradiation. Under our experimental 
conditions, smooth muscle cells from nonatherosclerotic 
arteries were only minimally affected (80% of viable cells at 
200 s of irradiation time), whereas plaque smooth muscle 
cells were much more sensitive (20% of viable cells at 200 s 
of irradiation time). Interestingly, even a very short (5 s) 
time of irradiation caused a significant reduction in viable 
plaque cells. 
Dynamic visualization of cell destruction after irradiation 
(Fig. 2). The dynamic response of smooth muscle cells was 
visualized by time lapse video micrography. Within the first 
4 h after irradiation, no visible effect was seen, with the 
exception that cell divisions were blocked in metaphase. 
Thereafter, interphase cells that were fully spread began to 
contract and, at the same time, exhibited an uncharacteristic 
hyperactivity of ruffling membranes. Further ceil contraction 
was accompanied by a high number of dark membrane 
extrusions and, finally, a sudden stop of ruflling membrane 
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2. reproduction of a time lapse 
sequence showing the destruc- 
tion of a smooth muscle cell after label- 
ing with dihematoporpkyrin ester and 
ether (DDE) and ultra.violet irradia- 
tion. Note the hyperactivity visualized 
by the ruffling membrane (arrow in A), 
ark membrane extrusions (arrow 
as shown here took approximately 4 to 
8 h after photoradiation in real time. 
‘White bar = 60 pm. 
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activity. Cells either became rounded and remained slightly 
attached by long and thin cytoplasmic protrusions or under- 
went complete lysis. 
Cy~~e~e~~ alterations after irr 
hours after DWE labeling and irradiation, cells exhibited 
several strtking alterations in cytoskeletal architecture. Mi- 
crotubuks, .which originate near the cell nucleus and extend 
toward the cell pet +hery in the form of an abundant three- 
dimensional network, were largely depolymerized, and only 
some microtubules were seen. Because microtubules are 
Figure 3. Cytoskeletal alterations in 
smooth muscle cells after labeling with 
dihematoporphyrin ester and ether 
(DHE) and 4 h after ultraviolet irradi- 
ation (B and D) compared with the 
corresponding control findings (A and 
C). Depicted are microtubules (A and 
B) and actin fiiaments (C and D). White 
tar = 50 pm. 
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necessary for chromosome movement during cell division, 
their depolymerization might be the main cause for the 
blockade of cell division as seen by time lapse video miceog- 
raphy. Also, actin filaments (“stress fibers”), which run 
through the cytoplasm as straight and noninterrupted fibers, 
were disrupted to focal and highly fluorescent spots. This 
kind of actin alteration was similar to that observed in cells 
after treatment with high doses of cytochalasin B (Dartsch, 
unpublished observations). In contrast, vimentin Blaments 
remained unaltered during all stages of cell destruction. 
Although laser energy is able to destroy atherosclerotic 
plaques (29-32) and laser recanalization of stenosed or even 
completely occluded arteries has been performed in humans 
(3 I ,3j-35), arterial wall perforation remains a serious prob- 
lem with laser angioplasty. To develop a reliable tluores- 
cence-based guidance system, exogenous probes have been 
tested for their ability in labeling atherosclerotic plaques. 
Another therapeutic approach for the treatment of vascular 
stenosis might be the use of such probes for labeling plaques 
that are then selectively destroyed by photoradiation deliv- 
ered from a laser system (“photodynamic therapy”). The 
energy levels required for photoactivation would not be high 
enough for perforation of the vessel wall or injury to the 
adjacent medial layers (35). 
Smooth muscle cell viability after photodynamic reaction. 
Several investigators have reported that hematoporphyrin 
derivative accumulates in plaques (5-9) and can be used for 
a laser-induced fluorescence detection (6,7,9,36). It has also 
been shown (37) that dihematoporphyrin ester and ether 
(DHE), a purified product of hematoporphyrin derivative, 
photosensitizes experimental atheromas in rabbits. More- 
over, DHIE is accumulated in cultured plaque smooth muscle 
cells compared with smooth muscle cells from nonathero- 
sclerotic arteries and causes a selective and dose-dependent 
inhibition of plaque cell proliferation at clinically relevant 
concentrations even without photoactivation (16,17). In 
these experiments, it was specifically demonstrated that a 
plaque cell subpopulation of highly activated cells, which 
has been termed subpopulation SP-I*, exhibits a pro- 
nounced sensitivity to DHE treatment, 
Prompted by this background, we investigated whether 
the selective response of DHE-labeled plaque cells can be 
intensified by photoradiation in comparison with the re- 
sponse of smooth muscle cells from nonatherosclerotic 
arterial media. The results reported here demonstrate that 
the vast majority of plaque cells can be destroyed by DHE 
labeling and photoradiation. Because smooth muscle cells 
from nonatherosclerotic arteries show only a relatively low 
sensitivity to this procedure, DHE qualifies to be the exog- 
enous probe of choice. When the present results are com- 
pared with the findings of the proliferation assays of smooth 
muscle cells exposed to different DHE concentrations with- 
out photoactivation of the drug, it becomes obvious that light 
exposure intensifies and accelerates the death of plaque 
cells, whereas smooth muscle cells from normal arterial wall 
are only minimally affected. 
However, the cause for this differential response of 
smooth muscle cells from nonatheroscierotic arterial media 
and ji-om atherosclerotic plaques is currently unkngwn. As 
reported by Dartsch et al. (38), the smooth muscle cells in 
atherectomized primary stenosing tissues of peripheral ar- 
teries are of an intermediate phenotype (that is, they possess 
a small amount of myofilaments at the periphery and a 
amount of synthetic organelles such as rough endoplasmic 
reticulum and mitochondria). In contrast, medial smooth 
muscle cells are sf a contractile phenotype in vivo. Accord- 
ing to the concept of phenotypic modulation (39), smooth 
muscle cells dedifferentiate from a contractile to a synthetic 
state within 6 to 8 days under cell culture conditions. 
Consequently, cultured smooth muscle cells from nonath- 
erosclerotic arteries and from atherosclerotic plaques should 
not differ with regard to phenotype. However, as demon- 
strated here, their response and sensitivity against photody- 
namic reaction are different and, therefore, seem to be 
independent of the phenotype. 
Figge et al. (I) suggested that porphyrins have an afim?y 
for rapidly pro&Grating tissues. As reported in detail (24- 
26), smooth muscle cells from primary stenosing lesions, as 
used for the experiments described here, have a significantly 
low proliferative activity in vitro compared with that of 
smooth muscle cells from normal arterial wall. Nevertheless, 
plaque-derived cells were considerably more sensitive to 
DHE treatment and photoactivation. This finding indicates 
that the growth rate does not seem to be the main factor 
cusing the increased sensitivity of plaque cells. 
Cellular and cytoskeletal alterations after photodynamic 
reaction. The photodynamic action of photosensitizing por- 
phyrins after absorption of laser energy (40) has been attrib- 
uted to direct photooxygenation, cytotoxic singlet oxygen 
and oxygen radical production causing cellular disruption 
(41). The examination of the cell alterations due to photody- 
namic rtiaction does not provide further insights into the 
subcellular target site or sites, but enables one to study the 
cellular response. As shown here on a light microscopic 
level, DHE-labeled cells did not undergo alterations imme- 
diately after photoradiation. It took at least a period of 
several hours until the cells showed the first signs of altera- 
tion. Mitotic cells that are rounded and anchored with thin 
filaments to the substrate seemed to be more sensitive than 
fully spread interphase cells because their mitosis was com- 
pletely block,J. Fully spread cells exhibited a hyperactivity 
together with membrane extrnsions, indicating that the cell 
membrane seems to be directly involved in this destructive 
process. The subcellular target site or sites for cytotoricity 
have not yet been satisfactorily identified. Further insights 
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restenosis or as a 
calcified primary stenoses. 
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